Coeliac disease (CD) is the most common immune-mediated enteropathy characterized by chronic inflammation of the small intestinal mucosa. The ingestion of gluten is responsible for the symptoms of CD, but other environmental factors are also thought to play a role in this disorder. In this study, the composition of the duodenal microbiota of coeliac children with active disease, symptom-free CD patients on a gluten-free diet and control children was determined. Bacteriological analyses of duodenal biopsy specimens were carried out by fluorescent in situ hybridization coupled with flow cytometry. The proportions of total bacteria and Gram-negative bacteria were significantly higher in CD patients with active disease than in symptom-free CD patients and controls. Bacteroides and Escherichia coli groups were significantly more abundant in CD patients with active disease than in controls, whilst these bacterial deviations were normalized in symptom-free CD patients. The ratio of Lactobacillus-Bifidobacterium to Bacteroides-E. coli was significantly reduced in coeliac patients with either active or inactive disease compared with controls. The differences in Atopobium, Eubacterium rectale-Clostridium coccoides, Clostridium histolyticum, Clostridium lituseburense, sulphate-reducing bacteria and Faecalibacterium prausnitzii populations among the three groups of children were less relevant. Overall, the higher incidence of Gram-negative and potentially pro-inflammatory bacteria in the duodenal microbiota of coeliac children was linked to the symptomatic presentation of the disease and could favour the pathological process of the disorder.
INTRODUCTION
Coeliac disease (CD) is a chronic inflammatory disorder of the small intestine characterized by a permanent intolerance to dietary gluten. Affecting as many as 1-3 % of the European and American population, CD is considered to be the most common lifelong disorder (Mulder & Bartelsman, 2005; Rewers, 2005) . This disease can manifest at any age and present a variety of clinical features, but often does so in early childhood with small intestinal villous atrophy and signs of malabsorption (Fasano & Catassi, 2005) . In coeliac patients, exposure to gluten leads to activation of both an adaptive immune response dominated by Th 1 pro-inflammatory cytokines, such as gamma interferon, within the mucosa, and an innate immune response mediated by interleukin-15 (Koning et al., 2005; Londei et al., 2005) . Alterations in epithelial permeability and tight junction integrity, which favour access of antigens to the submucosa, are also considered to be key features of the active phase of the disease (Schulzke et al., 1998; Drago et al., 2006) .
The ingestion of gluten is responsible for the signs and symptoms of CD, and its removal from the diet is currently the only available treatment. Moreover, environmental factors, such as microbial infections and imbalances in the composition of the gut microbiota, have been suggested to be associated with the presentation of this disorder (Forsberg et al., 2004; Stene et al., 2006; . In non-infectious, chronic immunological processes, such as those characteristic of inflammatory bowel disease (IBD) (Crohn's disease and ulcerative colitis), the microbial communities that inhabit the human gut appear to be an important source of antigens that trigger and perpetuate inflammation (Bibiloni et al., 2006) . In patients with IBD, the outgrowth of certain bacterial populations combined with the absence of specific protective commensals is thought to contribute to the impairment of intestinal immune homeostasis (Swidsinski et al., 2002; Sartor, 2004; Lucke et al., 2006) . This theory is supported by the benefits obtained by the administration of antibiotics, as well as by nutritional intervention strategies based on the use of probiotic bacteria and prebiotics (Guarner et al., 2006) . The existing information on the composition and metabolic activity of the gut microbiota in coeliac patients mainly comes from analyses of faecal samples (Tjellstrom et al., 2005; . It is known, however, that jejunal, ileal and colonic mucosaassociated bacteria differ from faecal bacteria (Wang et al., 2005) . It might also be expected that mucosal microbiota exert a major impact on human health due to their closer interaction with the host epithelia and immune system (Macfarlane et al., 2004) . Nonetheless, there appears to be only one microbial study of biopsy specimens from adult coeliac patients, which indicated that rod-shaped bacteria were often associated with the mucosa of these patients (Forsberg et al., 2004) .
The aim of this study was to characterize the specific composition of the duodenal microbiota of coeliac patients (with active and inactive disease) and controls in order to identify possible links between specific bacterial populations, and the presentation and evolution of the disease.
METHODS
Subjects. Three groups of children were included in this study: 20 coeliac patients on a normal gluten-containing diet, showing clinical symptoms of the disease, positive coeliac serology markers and signs of severe enteropathy by duodenal biopsy examination (mean age 5.1 years, range 1.6-12.0 years); 10 symptom-free coeliac patients, who had been on a gluten-free diet for 1-2 years (mean age 5.6 years, range 2.0-7.8 years); and 8 control children without known food intolerance (mean age 4.1 years, range 1.9-9.0 years). None of the children included in the study was treated with antibiotics for at least 1 month before the sampling time. The study protocol was approved by the committee on ethical practice of the corresponding hospitals and Consejo Superior de Investigaciones Cientificas. Children were enrolled in the study after written informed consent was obtained from their parents.
Sample preparation. Duodenal biopsy specimens were obtained by upper intestinal or capsule endoscopy. Each specimen was diluted 1 : 10 (w/v) in PBS (pH 7.2) and homogenized by thorough agitation in a vortex. Bacterial cells were fixed with 4 % paraformaldehyde (Sigma) overnight at 4 uC. After fixation, bacteria were washed twice in PBS with centrifugation (12 000 g for 5 min). Finally, cell pellets were suspended in a 1 : 1 PBS : ethanol mixture and stored at 280 uC until analysed, as described previously .
Fluorescent in situ hybridization (FISH) and flow cytometry detection. The oligonucleotide probes used in this study are summarized in Table 1 . All were commercially synthesized by Molbiol. The group-specific probes were labelled at the 59 end with FITC (green fluorescence). The EUB 338 probe, targeting conserved sequences within the bacterial domain, was used as a positive control (Amann et al., 1990) . The NON-EUB 338 probe was used as a negative control to eliminate background fluorescence (Wallner et al., 1993) . Both control probes were labelled at the 59 end with either Cy3 (red fluorescence) or FITC. Aliquots of 45 ml fixed samples were incubated with 5 ml each fluorescent probe (50 ng ml
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) in hybridization solution [10 mM Tris/HCl (pH 8.0), 0.9 M NaCl, 10 % (w/v) SDS] at an appropriate temperature (45-50 uC) overnight. The bacterial cells were then incubated with 500 ml washing solution [10 mM Tris/HCl (pH 8.0), 0.9 M NaCl] at 50 uC for 30 min to remove non-specifically bound probe. Hybridized cells were pelleted by centrifugation (12 000 g for 5 min) and resuspended in 500 ml PBS for flow cytometry detection. Bacterial groups were enumerated by combining each FITC-labelled group-specific probe with the EUB 338 Cy3-labelled probe, and expressed as the ratio of cells hybridizing with the FITC-labelled specific probe to cells hybridizing with the EUB 338-Cy3 probe This proportion was corrected by subtracting the background fluorescence obtained with the negative control probe NON-EUB 338 .
Flow cytometry was performed using an EPICS XL-MCL flow cytometer (Beckman Coulter) as described previously . This instrument is equipped with two light scatter detectors that measure forward and side scatter, and fluorescence detectors that detect appropriately filtered light at green (FL1, Statistical analyses. All statistical analyses were carried out using StatGraphics software (Manugistics). The differences in bacterial populations among coeliac children with active and inactive disease and controls were determined by applying Student's t-test for normally distributed data, and the Mann-Whitney (Wilcoxon) Wtest for non-parametric data. Significant differences were established at a value of P,0.05. Results were expressed as mean or median values of the proportion of each bacterial group determined in duplicate. The numbers of total, Gram-negative and Gram-positive bacteria were calculated by addition of the proportions of the corresponding groups detected by specific non-overlapping probes.
RESULTS AND DISCUSSION
General comparison of the duodenal microbiota of coeliac children and controls
The duodenal microbiota of coeliac children with active and inactive disease and control, children was characterized using oligonucleotide probes targeting the main bacterial groups colonizing the human gut (Fig. 1, Table 2 ). There were large variations in the community structure between different regions of the gastrointestinal tract and, to our knowledge, this is the first report on the composition of the human duodenal microbiota. Total and Gram-negative bacterial populations of duodenal biopsies calculated by adding the proportions of corresponding groups targeted by the probes used reached significantly higher (P50.005-0.007) levels in CD patients with active disease than in symptom-free CD patients and controls (Fig. 1) . The levels of Gram-positive bacteria calculated by adding the proportions of corresponding groups targeted by the probes used were lower in duodenal biopsies of coeliac patients with active disease, and even lower (P50.005-0.007) in those of symptom-free CD patients than in controls. Therefore, the overgrowth of total and Gramnegative bacteria detected by the probes used was reduced in duodenal samples of CD patients on a long-term glutenfree diet. In addition, environmental factors (e.g. dietary) and intrinsic genetic factors may have influenced the composition of the gut microbiota in symptom-free CD patients, leading to lower levels of bacterial populations of the studied groups, including Gram-positive bacteria, compared with the controls (P50.05-0.029). Increased numbers of mucosa-associated bacteria have been found in patients with IBD (Swidsinski et al., 2002) . In addition, cellular components of Gram-negative bacteria such as flagellins and lipopolysaccharides have been linked to systemic inflammatory responses and the pathogenesis of Crohn's disease (Erridge et al., 2004; Lodes et al., 2004; Gewirtz et al., 2006) . In what appears to be the only report on the mucosal microbiota of adult CD patients published so far, rod-shaped bacteria were often found to be associated with the mucosa of CD patients, but the identity of the bacteria was not reported (Forsberg et al., 2004) . The differences found in glycosylation between CD patients and controls were also suggested as a factor favouring bacterial adhesion in these subjects (Forsberg et al., 2004) . The changes detected in the overall composition of the duodenal microbiota of coeliac patients could be either a consequence or a cause of the disease. In the first case, the damaged mucosa covered by immature enterocytes in disease patients could create conditions favouring Gramnegative bacterial colonization to the detriment of Grampositive colonization due to specific receptors/glycoproteins present on the surface of immature cells but not on the brush border of mature enterocytes. In the second case, it could be that predominant colonization of Gramnegative bacteria in genetically predisposed individuals contributes to induce loss of tolerance to gluten.
Bacterial group and species specificities of the duodenal microbiota of coeliac children and controls
The specific group and species composition of the duodenal microbiota of the control and coeliac children is shown in Table 2 . Approximately 80-91 % of the bacterial population was detected by the ten nonoverlapping probes used in this study in biopsy specimens from coeliac patients and controls, whilst only 48 % was detected in samples from symptom-free CD patients (Fig. 1,  Table 2 ). The relative abundance of different bacterial groups varied among the three groups of children except for the Streptococcus group (P50.306-0.525). This group Fig. 1 . Composition of the duodenal microbiota of coeliac and control children as assessed by FISH and flow cytometry. Levels of total, Gram-negative and Gram-positive bacteria were calculated by adding the relative proportions of the corresponding groups, excluding overlapping probes. Mean values (percentage of total number of bacteria detected by the corresponding probes±SD) are given, and columns having different letters (a-c) showed significant differences (P,0.05) using Student's t-test. Black bars, coeliacs with active disease; white bars, coeliacs with non-active disease; grey bars, controls.
was quantitatively important but was not the predominant group in duodenal biopsies, in contrast to findings in jejunal biopsies of healthy subjects by direct cloning and sequencing of 16S rRNA genes (Wang et al., 2005) . The Bacteroides-Prevotella group and Escherichia coli populations were significantly more abundant (P50.027 and P50.013, respectively) in biopsy specimens of CD patients with active disease than in those of controls (Table 2) . However, the proportions of these bacterial groups were not significantly different between controls and symptomfree CD patients (P50.444 and P50.452, respectively), indicating that these bacterial deviations had been normalized after a long adherence to a strict gluten-free diet. In patients suffering from IBD, the concentration of the Bacteroides-Prevotella group associated with the mucosa has been shown to be higher and to increase with the severity of the disease. Some of these bacteria are located within the epithelial layer and even intracellularly (Swidsinski et al., 2002; Lucke et al., 2006) . Comparative bacteriological analysis of biopsy specimens of patients with Crohn's disease and ulcerative colitis by denaturing gradient gel electrophoresis (DGGE) has recently indicated that members of the phylum Bacteroidetes are more prevalent in the Crohn's disease group (Bibiloni et al., 2006) . Although Bacteroides constitute an important fraction of human gut microbiota, some species, such as Bacteroides vulgatus and Bacteroides fragilis, have been found to exhibit pro-inflammatory properties in animal models of IBD and are thought to be involved in their pathogenesis (Setoyama et al., 2003; Medina et al., 2005) . Analyses of ileocolonic mucosal samples by DGGE, as well as by FISH, have also revealed a higher prevalence of E. coli in both Crohn's disease and ulcerative colitis patients (Mylonaki et al., 2005; Martinez-Medina et al., 2006 ). An adherent invasive E. coli pathovar was identified in the ileal mucosa of patients with Crohn's disease, which was able to replicate and induce tumour necrosis factor alpha (TNF-a) production in macrophages (Darfeuille-Michaud et al., 2004) . In addition, high levels of the E. coli outermembrane protein C antibodies were detected in these patients, and the reactivity to these antibodies was associated with the severity of the disease (Barnich & Darfeuille-Michaud, 2007) . Increased levels of Bacteroides have also been detected by FISH analysis in the faeces of coeliac children compared with controls, in the absence of increased levels of E. coli . In the case of CD, infections as well as the overgrowth of proinflammatory opportunistic pathogens may initiate or contribute to the pathological process by increasing the production of inflammatory mediators, such as TNF-a and gamma interferon, which are known to increase permeability (Stene et al., 2006) . This in turn could favour the access of higher antigen loads (gliadin and microbial) to the submucosa and contribute towards perpetuating inflammation.
The ratios of beneficial bacterial groups (Lactobacillus plus Bifidobacterium) to potentially harmful Gram-negative bacteria (Bacteroides-Prevotella plus E. coli groups) detected in biopsy specimens were significantly different (P50.001-0.034) among the three groups of children. This ratio reached its highest value in samples from control children (mean±SD 1.57±0.13), an intermediate value in samples from symptom-free CD patients (1.08±0.23) and the lowest value in samples from CD patients with active disease (0.51±0.15). Bifidobacterial numbers in the mucosa of IBD patients have also been found to be reduced in some studies (Macfarlane et al., 2005; Mylonaki et al., 2005) . Total Bifidobacterium and Lactobacillus counts did not differ in the faeces of coeliac and healthy children, although changes in species composition have been identified by DGGE-PCR analysis  I. Nadal and others . In symptom-free CD patients, the results of analysis of biopsy specimens could reflect the long-term benefits of a gluten-free diet in normalizing the intestinal milieu and improving the ratio of beneficial to potentially harmful Gram-negative bacteria. However, this ratio was not completely normalized, which might be an effect of dietary factors or a characteristic of the disease, regardless of the inflammatory and autoimmune status of the patients. The involvement of particular bacterial species and the relative abundance of specific bacterial groups in the manifestation of this disorder remain to be determined.
The proportions of Atopobium, Eubacterium rectaleClostridium coccoides, Clostridium histolyticum, Clostridium lituseburense, sulphate-reducing bacteria and Faecalibacterium prausnitzii groups detected in biopsy specimens were not significantly different (P50.104-0.526; Table 2 ) between controls and coeliac patients with active disease. Sulphate-reducing bacterial levels were higher in biopsy specimens of coeliac children compared with healthy children, as previously detected in faeces, but the differences did not reach statistical significance (P50.386) in biopsies. C. histolyticum and F. prausnitzii levels were not significantly different in biopsy specimens of coeliac patients, regardless of the phase of the disease. Proportions of both bacterial groups were higher in biopsy specimens of control subjects, although the differences were not significant. The Faecalibacterium group has also been found more frequently in healthy biopsy specimens when compared with those of Crohn's disease patients (Martinez-Medina et al., 2006) . F. prausnitzii is a butyrateproducing bacterium that could exert a protective role in the mucosa of healthy controls, whilst its role could be limited in coeliac children (Hold et al., 2003) . Nonetheless, the possible role of these bacterial groups showing minor differences between CD patients and controls requires further investigation. In addition, further studies should be carried out to investigate whether the major changes detected in this study are secondary to or the cause of the disease, as well as to determine the mechanism that might link specific bacterial groups with the alterations in mucosal immunology and intestinal permeability characteristic of this disease.
Conclusions
The higher incidence of Gram-negative and potentially pro-inflammatory bacteria in the duodenal microbiota of coeliac children was found to be linked to the symptomatic presentation of the disease and could favour its pathological process during the active phase of this disorder. Although in symptom-free CD patients an adherence to a gluten-free diet was associated with reductions in Gramnegative bacterial populations, the relative abundance of beneficial to potentially harmful bacteria was not completely normalized when compared with controls. This work thus provides bacterial targets for further studies on a possible dysfunctional interaction between the gut microbiota and the host, particularly during the symptomatic phase of CD.
